Spontaneous magnetic moments in YBa2Cu307_^ thin films 
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We have observed spontaneous magnetic moments with random signs in c-axis oriented thin films 
of the high-T c cuprate superconductor YBa2Cu307_<$ (YBCO), imaged with a scanning SQUID mi- 
croscope. These moments arise when the samples become superconducting, and appear to be associ- 
ated with non- ferromagnetic defects in the films. In contrast with granular high-T c samples, which 
also show spontaneous moments with random signs, the present samples shield diamagnetically. 



It now appears likely that the superconductivity in 
optimally doped cuprate high-T c superconductors can 
be characterized by an orbital component of the pair- 
ing wavefunction with predominantly d x 2_ y 2 symmetry 
The d x 2_ y 2 order parameter does not violate time 
reversal symmetry and little, if any, time rever- 

sal symmetry breaking is observed experimentally in the 
bulk material ||. Nevertheless, it has been shown the- 
oretically that broken time-reversal symmetry (BTRS) 
could occur locally in a d x i_ y i superconductor at cer- 
tain surfaces and interfaces, or in the presence of non- 
magnetic and magnetic impurities ]7|— |TT|] . The existence 
of a lowest energy state which is not unique (BTRS) 
requires an additional component of the order param- 
eter that is 7r/2 out of phase with the d x 2_ y 2 compo- 



nent. A d x 2_ y 2 + is or d x 



_ y 2 + id xy pairing state has 



been suggested near a surface or twin boundary with 
(110) orientation, producing a local nodeless global gap 
function [|lo|-|l^|. The predicted BTRS should mani- 
fest itself in many effects, including deviations from the 
well-established Josephson's sinusoidal current-phase re- 
lationship (l3) , and the splitting of the zero bias conduc- 
tance peak induced by the Andreev surface bound states 
[Q. An intrinsic phase shift in Josephson junctions is a 
signature of BTRS associated with a grain boundary or a 
barrier interface and should produce spontaneous super- 
currents, possible fractional flux quanta and phase slips 

i- 

However, experimental measurements using scanning 
SQUID microscopy have shown no evidence for BTRS in 
YBCO tricrystal samples @|6), in YBCO-Pb thin-film 
SQUIDs [l?]], or in sparsely twinned YBCO single crys- 
tals p8| . These samples each have some combination 
of grain boundaries, tunnel junctions, and twin bound- 
aries, which might be expected to induce d x 2_ y 2 + is 
or d x 2_ y 2 + id xy local pairing in a bulk d x 2_ y 2 super- 
conductor. On the other hand, measurements of the 
magnetic field dependence of the zero-bias anomaly in 
thin film YBCO/I/Cu tunnel junctions Q, and a spon- 
taneous net magnetic moment in bulk SQUID magne- 
tization measurements of c-axis YBCO thin films [fl9|, 



support BTRS. We note that in these last two experi- 
ments, evidence for broken time-reversal symmetry was 
not seen in all samples. In this paper we provide experi- 
mental evidence for large spontaneous flux generation in 
YBCO c-axis oriented thin films, apparently associated 
with non- ferromagnetic defects in the films. Such spon- 
taneous moments could result in the effects reported in 
support of BTRS previously QJl^] . We speculate on the 
source of our observed magnetic moments. 

Our measurements were made on biepitaxial 45° a-axis 
tilt (twist) grain boundary Josephson junctions (GBJs) 
employing films with different orientations |2(| (Fig. 1(a) 
is, for example, the schematic of a tilt GBJ imaged in 
Fig. 1(b)). Details on the scanning SQUID measure- 
ments can be found elsewhere [ pl| . Our samples em- 
ployed a (110) MgO film as a seed layer to modify the 
crystal orientation of YBCO on the (110) SrTi0 3 sub- 
strate. YBCO grows predominantly along the [103] or 
[013] directions on the SrTiOs substrate, and along the 
[001] direction on the MgO seed layer. These structures 
allow us to investigate regions with different properties 
and morphologies simultaneously. Details of the fabri- 
cation process of the junctions have been described else- 
where, along with a complete characterization of the mi- 
crostructure and transport properties (20). These films 
are affected by the presence of Y-based impurities, as 
is commonly observed in YBCO thin films deposited by 
sputtering §|. Y 2°3 and Y 2 BaCu0 5 (Y211) precipi- 
tates are in general found in the (103) and (001) elec- 
trodes, as shown by transmission electron microscopy 
(TEM) analyses |2(],|22|]. The amount of the precipitates 
can be modified and very roughly controlled by chang- 
ing the YBCO deposition conditions. The presence of 
Y211 precipitates can be revealed by Scanning Electron 
Microscopy (SEM) or Atomic Force Microscopy (AFM) 
with some accuracy. TEM analysis shows that there are 
no grain boundaries in the (001) films [ p0|]2^ ]. 

The spatial distribution of the magnetic flux for a 
(001)/(103) 45° twist biepitaxial grain boundary sample 
is shown in Fig. 1(b). The sample was cooled in a field 
of ~5 mG and imaged at 4.2K with an octagonal shaped 
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low-T c SQUID sensor pickup loop 4 microns in diame- 
ter. In this image the (103) YBCO film is magnetically 
smooth, aside from a single dipole feature (often seen in 
YBCO films), and 4 vortices trapped in the bulk of the 
film. The vortices in the (103) film are anisotropic, elon- 
gated in the a-b plane direction. In contrast, the (001) 
YBCO on the MgO seed layer has many localized re- 
gions of flux, with the fields pointing both out of (white) 
and into (black) the sample. When the sample is cooled 
in zero field, the (103) section has no vortices, but the 
(001) section still shows many localized magnetic mo- 
ments, averaging to zero net magnetization. The (001) 
region is so magnetically disordered that vortices are not 
well separated, and therefore estimates of the total flux in 
each "vortex" are difficult. Nevertheless, modelling of the 
most isolated regions of flux give values for the total flux 
significantly less than the superconducting flux quantum. 
An example is shown in Fig. 1(c), which shows exper- 
imental data and modelling for a cross-section through 
Fig. 1(b) as indicated by the nearly horizontal dotted 
line. This cross-section passes directly through two vor- 
tices on opposite sides of the grain boundary (indicated 
by the nearly vertical dashed line). We model the vortices 
in the (103) region as anisotropic vortices emerging nor- 
mal to a surface and parallel to the planes of a layered 
superconductor. The z-component of such a supercon- 
ducting vortex is given by [23]: 



h z (r,z) 
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a x = ((1 + mi^j/mi) 1 / 2 , a 3 = ((1 + mik 2 x + 
mskD/ms) 1 / 2 , k = (k 2 x + klfl\ mi = A^/A 2 , m 3 = 
A;? /A 2 , A = (A^Ac) 1 / 3 , A a 5 is the in-plane penetration 
depth, 0o = hc/2e is the superconducting flux quantum, 
h is Planck's constant, e is the charge on the electron, 
x is the distance perpendicular to the planes, and y is 
the distance parallel to the planes. The z-component 
of the field is integrated over the known geometry of the 
pickup loop to obtain a flux to compare with experiment. 
The solid line through the vortex to the right of Fig. 
1(c) is a fit of Eq. 1 to the experiment (dots) with the 
height z=2.45/im of the pickup loop and the c-axis pen- 
etration depth A c =5.9/im as the two fitting parameters, 
with A a 5=0.14/im held fixed. For comparison, the solid 
line to the left of Fig. 1(c) is the expected flux through 
the pickup loop for a monopole vortex field source with 
0o total flux, B z =(<Po/2ty)z/ \ r | 3 , using z=2A5fim from 
the fit to the vortex in the (103) film. The "vortex" in 
the (001) film is resolution limited using our 4/im SQUID 
pickup loop, but apparently has less then 0o of flux. The 



dashed curve is the prediction for a monopole source with 
O.40o total flux. 

The source of the spontaneous moments in the c-axis 
YBCO electrode is not known. To our knowledge this 
is the first time they have been magnetically imaged in 
c-axis YBCO. Since there are no grain boundaries in the 
(001) films, the magnetic roughness must be related to 
some other aspect of the morphology of the sample. We 
speculate that it is due to the presence of defects in the 
film. Figure 2 shows a comparison of SSM and scanning 
electron microscope (SEM) images of the same region of 
c-axis film. There appears to be some correlation between 
defects seen in the SEM images and the magnetic struc- 
ture. The ovals in Figure 2 are intended as guides to the 
eye of some of these correlations. Since the predominant 
defects in these films are Y211 precipitates, we speculate 
that these are causing the spontaneous magnetization in 
these films. Y211 is insulating, with an antiferromagnetic 
ordering temperature between 15 and 30K p^-p6| 

Figure 3 shows a series of scanning SQUID microscope 
images of one of our samples for selected temperatures 
[p7[ . In these images the sample was cooled in nominal 
zero field, and then imaged while warming with a square 
pickup loop 17.8/im on a side. The individual "frac- 
tional" vortices are not resolved with this larger pickup 
loop, as they were using the 4 fim pickup loop. As the 
critical temperature (~ 80K for this film) is approached, 
"telegraph noise" develops in the images, presumably due 
to reversals in the sign of the flux generated at particu- 
lar sites. This "telegraph noise" appears to be driven by 
interactions with the SQUID pickup loop, as evidenced 
by the streaking of the images, in the (vertical) scan di- 
rection. The total variation in flux decreases as T c is 
approached, until above T c the only magnetic signals 
present are a few dipoles, presumably due to ferromag- 
netic particles in the sample. These residual features are 
square, reflecting the shape of the pickup loop. These 
images demonstrate that the spontaneous magnetization 
seen in these samples is intimately related to the super- 
conductivity, and that the defects seen in these films are 
only weakly, if at all, ferromagnetic above the supercon- 
ducting critical temperature. 

The spontaneous magnetization in these samples 
is qualitatively similar to that seen (28) in granular 
BSCCO samples which show the paramagnetic Meissner 
(Wohlleben) effect, both in terms of its absolute mag- 
nitude and its random orientation. However, there is 
an important difference: these films show diamagnetic 
shielding at fields of a few milliGauss. An example is 
shown in Fig. 4. Fig. 4a is a scanning SQUID micro- 
scope image of a sample cooled in an externally applied 
field of 2.5mG, using a 17.8/im square pickup loop, and 
imaged in the same field at a sample temperature of 60K. 
Also shown are histograms of the relative frequency of 
flux observed in the upper (001) section of the YBCO 
film (Fig. 4(b)), and the lower (103) YBCO (Fig. 4(c)). 
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These histograms show that although the measured flux 
above the (001) section has a large distribution width, 
it has the same average flux as above the (103) section. 
Both show diamagnetic shielding on average. In contrast, 
granular BSCCO samples show paramagnetic shielding 
when cooled in fields below about 0.5G ]2^ , p9| . 

Our measurements show that spontaneously generated 
moments can occur in samples of high-T c superconduc- 
tors which do not have 7r-loops in the presence of grain 
boundaries. One explanation for these observations is the 
existence of an out-of-phase component to the dominant 
d x 2_ y 2 superconducting order parameter, as predicted in 
the presence of interfaces or impurities 0. Since such a 
complex order parameter would break time-reversal sym- 
metry, this interpretation is consistent with the presence 
of "vortices" which appear to have less than the super- 
conducting quantum of flux. An alternate explanation 
|f30f is the pinning of a vortex tangle, produced near 
T c in a Kosterlitz-Thouless |3l]] type transition in the 
nearly two dimensional superconductor YBCO. This pin- 
ning would be facilitated by the disorder present in these 
films. This explanation seems inconsistent with the tem- 
perature dependent measurements (Fig. 3), which show 
more pronounced magnetic structure as T is reduced. 
However, it could be argued that the vortex- ant ivortex 
fluctuations are too rapid close to T c to be imaged with 
the SSM. Our measurements are consistent with the ab- 
sence of effects associated with time-reversal symmetry 
breaking in most measurements, and the appearance of 
such effects, which may be associated with small con- 
centrations of defects, in others. Our experiments raise 
the possibility of intentionally introducing time-reversal 
symmetry breaking effects by, for example, photolitho- 
graphically patterning small defects in high-T c samples. 
This could be applicable to (e.g.) the fabrication of ele- 
ments for quantum computation |3^] , opening new per- 
spectives in the design of such devices without necessarily 
using Josephson junctions. Possible advantages may be 
also related to the smaller values of the magnetic flux 
associated with "fractional vortices" . 
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FIG. 1. (a) Schematic of the geometry of a (001)/(103) 
biepitaxial YBCO grain boundary sample. (b) Scanning 
SQUID microscope image of such a grain boundary, cooled 
in ~5mG field and imaged at 4.2K with an octagonal pickup 
loop 4/im in diameter. The grain boundary, indicated by a 
dashed line, runs nearly vertically through the center of the 
image, (c) The dots are a cross-section through the image (b) 
as indicated by the nearly horizontal dotted line, through a 
"vortex" on either side of the grain boundary. The lines are 
fits to the data as described in the text. 



FIG. 2. Comparison between scanning SQUID microscope 
(SSM) and scanning electron microscope (SEM) images of the 
same area of a (001) YBCO thin film. The labelled regions are 
guides to the eye for areas of correlation between the images. 

FIG. 3. Scanning SQUID microscope images of a 
(001)/(103) biepitaxial SQUID, cooled in zero field, and im- 
aged with a 17.8/im diameter square pickup loop, for selected 
temperatures. 

FIG. 4. (a) Scanning SQUID microscope images of a 
(001)/(103) biepitaxial SQUID, cooled in a field of 3mG, 
and imaged at T=60K. Also shown are histograms of the 
frequency of occurence of SQUID sensor fluxes above areas 
(outlined by dashed lines) in the (001) (b) and (103) (c) re- 
gions of the sample. The (001) region shows a much broader 
distribution due to spontaneous magnetization, but both re- 
gions show diamagnetic shielding. 
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